The neurobiology of cognitive interference is unknown. Previous brain imaging studies using the Stroop Color-Word (SCW) task indicate involvement of the cingulate cortex cognitive division. The present study examines interrelationships between regional brain N-Acetyl aspartate (NAA) levels (as identified by in vivo proton magnetic resonance spectroscopy in the right and left anterior cingulate cortex (ACC), dorsolateral prefrontal cortex, orbitofrontal cortex and thalamus) and cognitive interference (as measured by the SCW task) in 15 normal subjects. The results show that brain chemistry depends on cognitive interference levels (high vs low). Reduction of NAA levels was demonstrated in the right ACC (ie, cognitive midsupracallosal division) of high interference subjects, as compared to the low interference group (P Ͻ 0.01, two-tailed t-test). Chemical-cognitive relationships were analyzed by calculating correlations between regional NAA levels and the SCW task scores. Cognitive interference was highly correlated with the right anterior cingulate NAA (r = 0.76, P Ͻ 0.001), and was unrelated to other studied regional NAA, including the left ACC (P Ͻ 0.025; comparing the difference between r values in the right and left ACC). The interrelationships between NAA across brain regions were examined using correlation analysis (square matrix correlation maps), which detected different connectivity patterns between the two groups. These findings provide evidence of ACC involvement in cognitive interference suggesting a possibility of neuronal reorganization in the physiological mechanism of interference (most likely due to genetically predetermined control of the number of neurons, dendrites and receptors, and their function). We conclude that spectroscopic brain mapping of NAA, the marker of neuronal density and function, to the SCW task measures differentiates between high and low interference in normal subjects. This neuroimaging/cognitive tool may be useful for documentation of interference in studying cognitive control mechanisms, and in diagnosis of neuropsychiatric disorders where dysfunction of cingulate cortex is expected. Molecular Psychiatry (2001) 6, 529-539.
Introduction
An unresolved question in cognitive psychology and neuroscience is the neurobiology of cognition per se and cognitive control mechanisms, including interference in particular. Over the last half century there has been a great interest in studying mechanisms of cognitive interference. Cognitive interference can be characterized by competing information-processing demands in the mind, which generate interfering conflicts in perception, attention, thinking, and memory systems. It is well established that the Stroop ColorWord (SCW) task 1 produces cognitive interference. 2 In the classic SCW task, such information as color naming can be suppressed by the concomitant presence of competing information such as color-word reading. In order to perform color-word naming successfully, subjects must inhibit their automatic color-word reading. For example, a color word such as blue that appears in an ink color such as red may inhibit naming of the color red due to automatic perception of incompatible information (such as color word blue). Previous studies of the Stroop effect provides convincing evidence that cognitive interference is abnormal in various neuropsychiatric disorders such as attention deficit hyperactivity disorder, 3, 4 schizophrenia, 5-9 depression, 10, 11 anxiety disorders, [12] [13] [14] [15] Parkinson's disease, 16 Alzheimer's disease, 17 and HIV disease. 18 New imaging technologies, including positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) have determined which functional circuitry in the brain is engaged in interference. Most of these studies performed using the classic SCW task 3, [19] [20] [21] [22] [23] [24] and the Counting Stroop paradigm 25 indicate involvement of the anterior cingulate cortex (ACC) (ie, cognitive midsupracallosal division, which correspond to Brodmann's areas 24Ј/32Ј; 26 as opposed to the more anterior affective pregenual division, which activated in the Emotional Counting Stroop paradigm 27 ). The ACC activity has been also observed when tasks require divided attention, 28 monitoring the occurrence of errors, 29, 30 and the presence of response conflict and/or inhibition, 24, [30] [31] [32] [33] which suggest overlapping cognitive control mechanisms that linked with this region. Zysset et al 34 used fMRI and SCW task to study interference, and they found no substantial activation of the ACC, concluding that this region is not specifically involved in the process of interference. Moreover, they reported that the region around the banks of the inferior frontal sulcus appear to be more specifically involved in interference. MacDonald et al 24 used fMRI to study cognitive control mechanisms and found that the ACC was more active when responding to incongruent stimuli as compared to congruent color-naming trials, and the dorsolateral prefrontal cortex was more active for color naming than for word reading. In the alternative observation by Leung et al 23 using an eventrelated fMRI, performance of the conventional SCW task specifically activated the ACC and inferior frontal regions, as well as some other areas such as insula and premotor cortex. Another recent study of Stroop interference in patients with lesions due to multiple sclerosis 35 found that a combination of frontal and parietal lesions (as identified via morphometric MRI) slowed Stroop responses, which again point out a possibility of multiple brain areas involvement in the cognitive interference processes. Thus, taken together all previous imaging studies have outlined the involvement of the ACC (most consistently) and, possibly other regions that functionally linked with the ACC in cognitive interference measured by the classic SCW task. Furthermore, the precise role of the ACC in cognitive interference and the contribution of other brain areas, if any, in this process are still unknown, as well as neurobiological mechanisms of the interference.
In our previous studies of different cognitive states (studies of anxiety, 36, 37 pain, 38 anxiety and pain 39 ) using in vivo proton magnetic resonance spectroscopy ( 1 H-MRS), we demonstrated a sensitivity of the method for documentation of chemical-perceptual characteristics of the human personality, which can be captured by monitoring the regional changes of neuronal marker N-acetyl aspartate (NAA) in relation to specific cognitive measures. These studies already demonstrated that this approach could become a new method for tracking the long-term brain chemical characteristics of anxiety and pain, and, possibly some other cognitive states. In this study we examine relationships between regional variations of NAA (as identified by in vivo 1 H-MRS, and as measured relative to creatine) and cognitive interference (as measured by the classic SCW task) in 15 male and female normal subjects, across multiple brain regions, including ACC in the right and left hemisphere. Based on the results of previous brain imaging studies of the Stroop effect (see above), we hypothesized that cognitive interference in normal subjects is associated with NAA in the cognitive midsupracallosal division of ACC (the main region-of-interest; this region is most consistently linked with the SCW task). NAA is the main chemical-of-interest for several reasons: (1) This chemical is a well-known putative marker of neuronal and axonal density, which is localized in mature neurons and is not found in mature glial cells, 40, 41 as well as a measure of neuronal viability and function. 42, 43 Thus, any changes in neuronal density/function and/or synaptic connections in the ACC of normal subjects might affect the SCW interference level (hypothesis to be tested). (2) NAA is a sensitive marker for several other cognitive states (depression (manuscript in preparation), anxiety and pain [36] [37] [38] [39] . (3) This chemical is changed the most in neuropsychiatric disorders with abnormal interference (eg schizophrenia, 44, 45 Alzheimer's disease, 46 bipolar disorder, 47 and anxiety disorders [48] [49] [50] ). The neurobiology of cognitive interference has never been studied using in vivo 1 H-MRS.
Materials and methods

Subjects
Fifteen healthy right-handed subjects (mean age = 48 ± 7, age range 41-60, seven men and eight women) participated in this study. Subjects were recruited by advertisement from the local community (most of them were professionals within our institution, ie, nurses, doctors, and administrative personnel). Initial high resolution MRI of all subjects were obtained and examined by a staff neuroradiologist to exclude brain morphologic abnormalities. Subjects with neurological illness, head trauma, or psychiatric disorder were excluded. Subjects who were not able to produce a verbal response without effort (eg, patients with emphysema, dysarthria, or other disorders affecting normal speech production) were also excluded. None of our subjects had claustrophobic tendencies (most of them had participated in MRI and MRS studies before, and all subjects were instructed to terminate further participation in MRI and MRS experiments if claustrophobic tendencies appeared). All subjects had corrected vision adequate for normal reading and were native English speakers; and none were taking medication. The general purpose and the procedures were explained to the subjects. All subjects signed a consent form. The Institutional Review Board at the SUNY Upstate Medical University approved all procedures in this study.
Localized in vivo single-voxel 1 H-MRS During brain imaging the subject was placed on the scanner bed, and the whole head gradient coil was pos-itioned over the head. The subject's head was immobilized using a vacuum beanbag. Automated global shimming (part of MRS software package SPECTRO, General Electric) was performed to optimize the magnetic field homogeneity over the entire brain volume, as well as for each specific regional volume. All MRI and MRS experiments were performed on a 1.5 Tesla General Electric (Signa, Milwaukee, WI, USA) clinical imaging instrument. High-resolution sagittal and axial views were used for the selection of volumes of interest. T1-weighted multislice spin echo scout images (TR = 500 ms; TE = 12 ms; 2NEX; 256 × 256 matrix; FOV = 24 × 24 cm) of the entire brain were obtained with 6.0-mm slice thickness and a 0.5-mm gap between slices, imaging 20 slice locations. Localized 1 H-MRS was then performed in two sagittal (ACC cognitive midsupracallosal division, which correspond to Brodmann's areas 24Ј/32Ј, 26 and dorsolateral prefrontal cortex (DLPFC)) and in two axial (orbitofrontal cortex (OFC) and thalamus) locations in the right and left hemisphere of right-handed normal volunteers (Figure 1a, b) . ACC was chosen to be the main region-of-interest, and other brain regions (such as DLPFC, OFC and thalamus) were selected as controls. We used 8 cm 3 voxels for each analyzed volume: 5.0 × 1.6 × 1.0 cm for ACC, 1.7 × 3.0 × 1.6 cm for DLPFC, 2.0 × 2.0 × 2.0 cm for OFC, and ) and DLPFC shown on the left hemisphere (sagittal planes), and OFC and thalamus shown on the left and right hemispheres (axial planes). Representative 1 H-MR raw spectra for the right ACC in a normal subject with high interference as compared to another normal subject with low interference (b), showing localization of two major peaks for NAA (2.02 ppm) and Cr (3 ppm). Chemical shifts are indicated in parts per million (ppm). Signal intensities are indicated in mm on a screen display. Decreased levels of NAA (relative to Cr) are shown in the right ACC in one normal subject with high interference as compared to another normal subject with low interference.
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3.0 × 1.8 × 1.5 cm for thalamus. These boundaries were first identified from Talairach atlas 26 using the following sections for regional voxel placement: sagittal 5 mm for the ACC, sagittal 47 mm for DLPFC, horizontal −16 mm for OFC, and horizontal +8 mm for the thalamus; and then adjusted to the individual brain's sulcal topography. 51 In Figure 1 we are presenting localization of brain voxels on 2-D view as a visual aid. Real 3-D voxel placement includes cortical gray primarily and does not include scalp. In the presented case, as illustrated in Figure 1b (enlarged view), the studied voxel is localized within anatomical boundaries of the cingulate cortex (ie, between cingulate sulcus and callosal sulcus). The diagonal sulcus that has been seen inside the ACC voxel (in the anterior 1/3) is a part of the specific cingulate pattern, which has been known as a 'double parallel type', 52 and can be considered as a second cingulate sulcus. Proton localized spectra were collected using a simulated-echo acquisition mode (STEAM) sequence (probe-s PSD, TR = 1500 ms, TE = 30 ms, 256 averages). All spectra were transformed into a standardized scale using the Scion Image analysis package (Scion Corp, Frederick, MD, USA) and analyzed as described earlier. [36] [37] [38] [39] The relative concentrations of NAA (the dominant peak in 1 H-MR spectra, positioning at 2.02 parts per million (ppm)) were meas-ured relative to the peak of creatine/phosphocreatine complex (this creatine/phosphocreatine complex we label as Cr (3.0 ppm; internal standard)). The rationale for using the ratios method relative to Cr has been explained. 36 Briefly, the peak ratio method is the simplest and required no technical expertise or special software besides that supplied with the scanner. The disadvantage of using peak ratios is that changes in either metabolite concentrations will affect the ratio. The Cr peak was relatively stable across the studied subjects and brain regions (the effect of subject on total Cr peak and on each regional Cr peak was non-significant, F = 0.45, P = 0.99). Also, we found no differences in regional Cr peaks between the studied groups. The coefficient of variation (CV) for NAA, Cr and NAA/Cr were relatively stable across the studied brain regions (CV = 4.2-8.0%), which is consistent with our previous report. 36 It is well known that 1 H-MRS small peaks (eg, GABA, glutamate and glutamine) are partially contaminated by signals from other chemicals and proteins, 53 and because of that these small peaks were not studied here. We studied only large-peaked chemicals (NAA and Cr), knowing that the effect of contamination for these molecules is negligibly small. 53 
Stroop Color-Word task for interference
Two Stroop tasks were performed: (1) the first task, the Color task, which requires the Form C Stimulus Sheet; (2) the second task, the Color-Word task (requires the Form C-W Stimulus Sheet) was performed after the first one (Stroop Neuropsychological Screening Test Manual). 54 Although the Color task is not formally interpretable (because of that the results are not presented here), it was administered for a priming effect on the degree of interference reflected in the second, Color-Word task. Also, the Color task has been used as a 'warm up' procedure to reduce the anxiety state during psychological testing due to the task's simplicity and easiness to perform: items completed ± SD = 112 (of 112 possible) ± 0.0; incorrect responses = 0.5 ± 0.5; and color score = 111.95 ± 0.5. These Color task scores were similar to published data for controls in this age group. 54 According to the Stroop Task Manual this task should not be omitted. 54 The real task for interference, SCW task measures a subject's ability to inhibit/suppress a response that comes naturally and instead respond to changing task demands in a novel way. 1 The task requires a subject to suppress an automatized reading response of a word (we used four colors: red, green, blue or tan) and instead name the color of ink in which the word is printed; the color of ink does not match the word itself, i.e. the word blue is never written in blue ink. The Color-Word scores were calculated by the formula: Color-Word score = number of correct responses, or number of items completed minus incorrect responses, on the Color-Word Task. We allowed each subject 120 seconds to respond using a stopwatch. This procedure provides internal normalization of the SCW score by time. These measures of interference were performed just minutes before brain imaging in the environment of MRI and MRS experiments.
Statistical analyses
All statistical analyses were performed using STAT-ISTICA software '99 Edition (Version 5.5, StatSoft, Tulsa, OK, USA). Distribution of original data for goodness of fit was assessed using the Kolmogorov-Smirnov statistic and Lilliefors test (P Ͻ 0.01 for NAA regional levels, and P Ͻ 0.01 for SCW scores), and showed that the data were distributed normally (similar results for multiple chemicals were demonstrated in our previous report 36 ). Univariate statistics (unpaired, two-tailed ttest, corrected for multiple comparisons) were used to test our main hypothesis to differentiate NAA levels in the right and left ACC (ie, cognitive midsupracallosal division) of subjects with high interference from those with low interference. Exploratory analysis of variance (ANOVA) and Scheffe test (corrected for multiple comparisons; this test described in STATISTICA) were used to examine the effects of brain region (across four studied brain regions), hemisphere (right vs left), and cognitive interference (high interference (total ColorWord score below 89 (see results)) vs low interference (total Color-Word score 89 and above)). The outcome variable was NAA concentration relative to Cr peak. This ANOVA evaluates the main effect of the studied factors. Specifically, NAA changes depend upon brain region, hemisphere, and levels of interference. The post-hoc Scheffe test evaluates patterns in NAA levels distribution across brain regions in relation to the interference group (this descriptive analysis may lead to future hypotheses). Also, we applied correlation analysis to examine the magnitude of linear relationships between cognitive interference (Stroop ColorWord score) and concentration of NAA in the ACC (this regional chemical was hypothesized to be mainly changed). The interrelationships between NAA across brain regions were examined using another exploratory correlation analysis (square matrix correlation maps), which were used to describe differences in connectivity patterns (which we identify as 'chemical network' 55 ) between the two interference groups. In the figure with correlation maps for high and low interference, the maps are presented as color-coded contours of correlation strength between regional levels of NAA (where the raw correlation maps are low-pass filtered to highlight the main brain regional differences). Given the contiguity of the contour maps it should be evident that these maps are highly specific and might be interesting to explore in future work. We have demonstrated earlier that chemicals within a given region are positively correlated and negatively correlated across regions. 55 Also, we tested the difference in correlation strengths (ie, Pearson's correlation r values) of NAA across the studied regions and interference levels that were performed on the unfiltered original correlation data (the threshold for significant change was set at P Ͻ 0.05).
Results
Color-Word task measures for interference
The results of Color-Word task measures for interference are shown in Figure 2 . The Color-Word score was different between the two groups (mean ± SD = 73.3 ± 9.7 for subjects with high interference (ie, poorer performance) and 102.3 ± 7.7 for subjects with low interference (ie, better performance), P = 0.00002, t-test (t-value = 6.4, df = 13)). The total score of both groups for studied population of controls was 88.7 ± 14.4, which is not statistically different from published data for controls in this age group. 54 The total score was significantly lower than the score for neurological disorders (47.6 ± 29.1). 54 We consider subjects with a Color-Word score of 89 and above as low interference (eight subjects), and subjects with a Color-Word score below 89 as high interference (seven subjects). This subdivision was made by splitting all data for the Color-Word score by the median (median = 89) on two extremes and was used for analyses of interference effects on NAA concentration differences across the studied regions. A similar approach was applied to study anxiety effects on the regional brain chemistry. 36 
Effects of Stroop Color-Word interference on regional brain NAA levels
Our a priori hypothesis that cognitive interference in normal subjects is associated with NAA in the cognitive midsupracallosal division of ACC was tested first. We found reduced levels of NAA in the right ACC (cognitive midsupracallosal division) of high interference subjects, as compared to the low interference group (this difference was 8%; P Ͻ 0.01, unpaired, two-tailed t-test, corrected for multiple comparisons; Figure 3 , mean ± SD). A 2 (Stroop Color-Word interference (high vs low) × 4 (brain region) × 2 (hemisphere (right vs left)) measures ANOVA (with relative concentration of NAA defined as the dependent variable) revealed main effects for Stroop Color-Word interference (F 1, 100 = 3.3, P Ͻ 0.02), brain region (F 3, 100 = 4.38, P Ͻ 0.006), and hemisphere (F 1, 100 = 12.3, P Ͻ Figure 2 Stroop Color-Word interference measures (SCW scores) in groups of normal subjects with high and low interference (SD = standard deviation, and SE = standard error).
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Figure 3
Concentration of NAA (relative to Cr) in the right and left ACC in relation to interference levels across the studied groups (mean ± SD). Reduction of NAA levels was demonstrated in the right ACC of high interference subjects, as compared to the low interference group (*P Ͻ 0.01, two-tailed t-test).
0.0006). The effect of their interactions was not significant (all P Ͼ 0.05), possibly due to main changes in one of eight studied brain areas (ie, right ACC) and studying only a single chemical (ie, NAA). There were no differences between the two groups in NAA levels across other studied brain regions (Scheffe post-hoc analysis, corrected for multiple comparisons; Figure 4 , where shown only right hemispheric regions, mean ± SD), including the left ACC (Figure 3) .
Because the Stroop Color-Word interference-related differences in NAA concentration across the subject groups were found only in right ACC, we used correlation analysis to test the magnitude of linear relationships between cognitive interference (Stroop ColorWord score) and concentration of NAA in the right ACC. The cognitive interference was highly correlated (suggesting linear relationships) with NAA in the right ACC (r = 0.76, P Ͻ 0.001; corrected for multiple comparisons), and was unrelated to other studied regional NAA, including the left ACC (P Ͻ 0.025; comparing the difference between r values in the right and left ACC; Figure 5 ).
Effects of Stroop Color-Word interference on regional brain NAA connectivity pattern
Our recent 1 H-MRS studies were the first where the brain was considered as a chemical network with different chemicals correlating in a specific way within and across brain regions, and where the chemical connectivity patterns were described for effects of pain 38 and age. 55, 56 In this study we examined the effects of interference (high vs low) on the connectivity pattern of NAA across four right hemispheric regions using the same correlation analysis (square matrix correlation maps, considered as an exploratory analysis) as described. 38, 55, 56 In Figure 6 we present these correlation maps for high and low interference groups, showing that the connectivity pattern is different and dependent upon the interference level. This idea is supported by the following observations: (1) In the high interference correlation map, NAA levels in the right ACC were positively related to NAA levels in the right DLPFC (r = 0.78), and were negatively related to NAA levels in the right thalamus (r = −0.61; the difference between ACC-DLPFC and ACC-thalamus correlations (r values) was significant, P Ͻ 0.001; Figure 7a) . (2) In contrast, in the low interference correlation map, NAA levels in the right ACC were negatively related to NAA levels in the right DLPFC (r = −0.45), and were positively related to NAA levels in the right thalamus (r = 0.53; the difference between ACC-DLPFC and ACCthalamus correlations was also significant, P Ͻ 0.04; Figure 7b ). (3) Comparing high vs low interference correlation maps (Figure 7a vs 7b) , the difference between ACC-DLPFC correlation plots was significant (P Ͻ 0.004) as well as the difference between ACC-thalamus plots (P Ͻ 0.02), although the direction of correlations was reversed. Thus, the networking pattern of NAA in the brain across four right hemispheric regions that was observed for high interference is different from those for low interference. We analyzed specifics of chemical network for the right brain due to the main effect of interference on the right ACC.
Discussion
Proton MRS has not been used in the past to study the neurobiology of the Stroop Color-Word interference. However, over the last decade there has been growing interest regarding the neurobiology of the Stroop effect: (1) Where is cognitive interference represented in the brain? Or, what is the functional neuroanatomy/ circuitry that is engaged in this process? (2) Which neurotransmitters and other chemicals in what brain regions are associated with cognitive interference? Or, what is the neurochemistry of this process? The answer to the first group of questions was attempted via functional imaging methods such as PET and fMRI using the classic SCW task 3, [19] [20] [21] [22] [23] [24] or modified Stroop paradigm. 25 These studies showed involvement of the ACC cognitive division consistently, as well as other regions (including DLPFC) in different interference paradigms. The answer to the second group of questions was postponed due to lack of in vivo imaging tools to study relationships between cognition and chemistry in the human brain, which have become available only recently. [36] [37] [38] [39] In these studies we demonstrated that human cognitive states (shown for anxiety and pain; also, we have now new data for depression (manuscript in preparation)) are a reflection of brain chemistry, showing direct correspondence between these two domains. More importantly these studies demonstrated an intricate balance between brain chemical variations across regions where subtle shifts in the human cognitive state can be captured by monitoring the regional Figure 6 Chemical connectivity patterns (as revealed by exploratory correlation analysis and presented by contour plots) for NAA/Cr across right hemispheric regions, high interference vs low interference. Shown is a different connectivity pattern between two interference levels, reflecting differences in correlation strength between regional levels of NAA/Cr. The correlation values (Pearson's correlation coefficient) are presented as color-coded gradients (green/red = positive/extremely positive, blue/purple = negative/extremely negative). These plots are a visual aid to describe patterns between interference groups; although they do not imply continuity between regional NAA/Cr values. The intersection of black lines shows the actual data points. Note: 1 = OFC, 2 = ACC, 3 = DLPFC, 4 = thalamus.
Figure 7
Regression plots between NAA/Cr levels in right ACC and DLPFC, and between NAA/Cr levels in right ACC and thalamus, high interference (a) vs low interference (b). In the high interference group, NAA/Cr levels in the right ACC are positively related to NAA/Cr levels in the right DLPFC, and are negatively related to NAA/Cr levels in the right thalamus. In the low interference group, NAA/Cr levels in the right ACC are negatively related to NAA/Cr levels in the right DLPFC, and are positively related to NAA/Cr levels in the right thalamus.
Molecular Psychiatry chemical changes of the brain, providing proof of our concept that this approach can be used as a new method for tracking the long-term brain chemical characteristics of cognition. Here we demonstrate that this concept works for other cognitive states as well, namely the Stroop Color-Word interference. Thus, this is a first report in the field of cognitive neuroscience where evidence is presented for regional brain NAA changes in ACC between high and low interference normal subjects using 1 H-MRS and the classic SCW task, and demonstrated functional relationships (as indicated by significant correlations) between the concentration of NAA in the right ACC and the SCW interference levels. It is well known that NAA is localized within neurons and involved in synaptic processes, and can be considered as a neuronal and axonal marker. 40, 41 New studies suggest that NAA is synthesized within mitochondria, and inhibitors of the mitochondrial respiratory chain decrease NAA concentrations, effects which correlate with reductions in ATP and oxygen consumption. 42, 43 Thus, NAA can be regarded as a measure of neuronal viability and function, in addition to being strictly a neuronal marker. Our results show that the spectroscopic brain mapping of NAA, the marker of neuronal density and function, to the SCW task measures differentiates between high and low interference in normal subjects. In this study we also demonstrate a single chemical (NAA)-cognitive network in the brain, specifically in ACC, as a possible neurobiological/neurochemical mechanism for development of cognitive interference. Given that the SCW interference has been found abnormal in several neuropsychiatric disorders, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] this neuroimaging/cognitive tool may be useful for documentation of interference in studying cognitive control mechanisms in general, and in diagnosis of neuropsychiatric disorders particularly where dysfunction of cingulate cortex is expected. Another valuable application of these findings might be a new drug development in the pharmaceutical industry to design new chemical compounds and drugs which would produce brain changes that would be reflected in the interference and NAA measures (eg, in attention deficit hyperactivity disorder, where dysfunction of the ACC was already revealed by fMRI and the Counting Stroop; 4 or in obsessive-compulsive disorder, where reduced levels of cingulate NAA have been found using 1 H-MRS 48 ) and as an imaging tool to study effects of these chemical compounds and drugs (eg, as a guide in pre-clinical and early clinical development of drug candidates, and as proof of the effectiveness of new drugs as well as decisions on their future development).
Although, the evidence for ACC as a primary area of interference neurochemistry has been demonstrated in this report on normal subjects, numerous previous brain imaging studies of controls and/or patients with brain disorders in conjunction with different Stroop paradigms implicated other brain sites as well, including DLPFC, insula, premotor and parietal cortex. 23, 34, 35 This points to the possibility of multiple brain areas involvement in the cognitive interference process. The idea of a more complex network in the brain for interference, where different chemicals correlate in a specific way within and across regions, has been tested in this study using correlation analysis and comparing square matrix correlation maps across two interference states (a similar idea has been tested earlier for effects of pain 38 and age, 55, 56 and most recently for depression (manuscript in preparation)). Here we described the connectivity pattern for NAA (this chemical was found to be dependent upon interference level) across four right hemispheric regions (including ACC where changes of NAA were associated with interference) and two interference levels (high vs low), showing that: (1) the connectivity pattern is different across the studied brain regions and dependent upon the interference level; and (2) these connectivity changes may be a reflection of NAA concentration changes in the right ACC. The NAA connectivity pattern in high interference seems specific, as compared with low interference. There were different relationships between ACC-DLPFC and ACC-thalamus correlation plots across two different interference levels. Specifically, the direction of correlations becomes reversed: corticocortical relationships are stronger in higher interference (ie, ACC-DLPFC correlations are highly positive as compared with ACC-thalamus correlations which are negative), and cortico-subcortical relationships are stronger in lower interference (ie, ACC-thalamus correlations are positive and ACC-DLPFC correlations are negative). Given that NAA is the putative neuronal marker (this chemical is localized in mature neurons and not found in glial cells), 40, 41 and a measure of neuronal viability and function, 42, 43 these findings provide conceivable evidence of neuronal structural and functional changes primarily in the ACC and also show support for involvement of a more complex network (ie, cortico-cortical and cortico-subcortical connections) in cognitive interference as, probably an adaptive/compensatory process that linked to neuronal changes in the ACC. Thus, results of networking analysis suggest the possibility of neuronal reorganization (ie, changes in neuronal density/function and synaptic connections) in the physiological mechanism of interference. Although all possible mechanisms of neural reorganization await further research, it seems that reduction of cortical neurons and/or their function in some brain areas may result in building more synaptic connections (possibly due to the elongation of dendrites; eg Flood, 57 and Flood and Coleman 58 showed that dendrites lengthen with normal aging to compensate for neuronal loss) or in activating already existing connections with the other less-involved areas. The observed changes in NAA levels might be due to genetically predetermined control of the number of neurons, dendrites, receptors and their function in the human brain. As a result of these specific changes on the level of neurons and dendrites in the ACC we might see NAA variations in relation to cognitive interference: more density/function of neurons and dendrites would correspond to higher levels of NAA and lower interference (more density/function of neurons-better performance), and vice versa when less density/function of neurons and dendrites would correspond to lower NAA levels and higher interference (less density/function of neurons-poorer performance). It has been presented recently that in a case of physiological anxiety the neuronal reorganization might have occurred primarily in OFC, 36, 37 in a case of chronic pain the primary changes might be expected in OFC and DLPFC, 38, 39 and in a case of aging the most striking changes might be found in the cingulate, sensorimotor cortex and thalamus. 55, 56 It should be added that the causality of this relationship (cognition changes brain chemistry vs brain chemistry changes cognition), remains unknown and a topic for future studies. We show here that variations of cognitive interference are predictable from brain NAA. These observed changes in brain chemistry and Stroop interference performance may in some part be genetically determined.
Moreover, it has been pointed out that NAA is a precursor of a neurotransmitter N-acetyl-aspartyl-glutamate (NAAG), which after breakdown produces excitatory amino acid and neurotransmitter aspartate. In this view, specific changes in the chemical network for this chemical across different interference levels might reflect intrinsic balance between excitatory vs inhibitory processes in the brain, to maintain a metabolic equilibrium in the situation when NAA concentrations in the one brain region (ie, ACC) are reduced and functional integrity across brain regions needs to be preserved. It is less clear why the direction of correlations becomes reversed across interference levels. This might be related to specifics of cognitive load in each case: in higher interference subjects more corticocortical rather than cortico-subcortical links need to be engaged in this process to keep the same performance as in lower interference subjects where lower cognitive load might not require multiple cortico-cortical connections. Overall, it seems that in higher interference, the networking system in the brain is trying to compensate any reduction of the neuronal/receptor number and their function in one region by building more axoaxonic or axodendritic synaptic connections (or by activating already existing connections) across numerous neuronal nets within the cortex and maybe the shutdown of less important neuronal nets (eg, corticosubcortical connections) to transmit a sufficient amount of aspartate and to maintain an optimal level of brain metabolism and cognitive functioning. Again, the observed changes of NAA are within normal variations for healthy humans, and have nothing to do with neuronal degeneration in brain disorders. Using in vivo 1 H-MRS, the abnormal reduction of glutamate in the ACC was found in major depression 59 and decreased NAA in the DLPFC was found in patients with bipolar disorder, 47 suggesting neuronal degeneration in the pathogenesis of mood disorders. Reduced levels of NAA in the ACC have been found in obsessive-compulsive disorder. 48 Also, it is well known that processes of cognitive interference are highly abnormal in mood and anxiety disorders. [10] [11] [12] [13] [14] [15] These findings, in a Molecular Psychiatry view of abnormal levels of NAA and/or glutamate (NAA is a precursor of NAAG) in these disorders, 47, 48, 59 are consistent with the proposed mechanism of cognitive interference where NAA (and possibly NAAG) changes in the ACC (and possibly in the DLPFC due to strong correlations between these two regions) seem to predetermine the interference level. A correspondence between regional NAA levels and the SCW interference using 1 H-MRS has not been studied in healthy subjects and in those neuropsychiatric disorders where cognitive interference is well-known to become abnormal (eg, attention deficit hyperactivity disorder, schizophrenia, mood and anxiety disorders, Parkinson's and Alzheimer's diseases, and HIV). This opens new areas in psychiatry research bridging in vivo molecular studies with cognitive psychology.
To emphasize further, the results demonstrate (similar to our other recent 1 H-MRS studies [36] [37] [38] [39] 55, 56 ), that brain chemistry can be directly related to cognitive states, including the Stroop interference in this study. In normal subjects with high interference we found reduced levels of NAA in the right ACC (cognitive midsupracallosal division, Brodmann's areas 24Ј/32Ј), which was highly correlated with the SCW interference score and was unrelated to other studied regional NAA. Moreover, we found different connectivity patterns across four studied brain regions and two interference groups, which provide evidence of neuronal reorganization as a mechanism of interference (most likely due to genetically predetermined control of the number of neurons, dendrites and receptors, and their function). The same ACC cognitive division has been reported to be activated in PET and fMRI studies of interference using different Stroop paradigms 3, [19] [20] [21] [22] [23] [24] [25] indicating how consistent these results are across different imaging modalities. Based on these studies, the ACC was most consistently engaged in the Stroop interference, which is in agreement with our findings here using 1 H-MRS. Our data are also consistent with the most recent study of MacDonald et al 24 using fMRI and a task-switching version of the Stroop task, where the right ACC was active for incongruent as compared to congruent color-naming trials. Furthermore, prior clinical studies demonstrated that patients with the right, but not the left, frontal lesions made more errors than normal controls in the Stroop task performance, 60, 61 which is in accord with the most recent observation by Pujol et al. 35 In the latter study using morphometric MRI and the Stroop task, they also found that the right, and not the left, medial midsupracallosal frontal lesions have been significantly related to the Stroop interference. One possible explanation of the laterality issue and Stroop effects might be in understanding localization of dominant functions in the human brain. Previous publications (see above) and our results suggest that right ACC may be more dominant in mechanisms of interference, as compared to the left ACC (probably the right ACC is not unique for interference, however the right ACC involved more than the left ACC). In support of this, right laterality for weight (71.4%) and surface (85.7%) was found in the ACC of normal subjects, 62 and the inversion of this laterality was observed in psychiatric disorders with abnormal interference (eg, in schizophrenics 62 ). The issue of laterality and ACC function needs to be addressed in future research.
Different cognitive control mechanisms might be linked with ACC because this region has been observed in multiple cognitive tasks targeting divided attention, 28 errors detection, 29, 30 response conflict and/or inhibition, 24, 25, [30] [31] [32] [33] affect, 25, 27 and pain. 22, [63] [64] [65] [66] Thus, it seems that the ACC does not play a specific role in cognitive interference, but rather is engaged in more general non-specific attentional states that are involved in the execution of the Stroop task (contributing to multiple cognitive functions during the Stroop performance, which become impossible without engagement of divided attention, errors detection, interference conflict, inhibition, affect). Our analysis of connectivity pattern in high vs low interference states suggests involvement of the prefrontal cortex as well, which is not surprising since this area has extensive reciprocal connections with ACC. 67, 68 This area is also implicated in multiple cognitive functions, such as working memory, language, attention, emotion and decision-making processes, [67] [68] [69] [70] [71] [72] which might be an intricate part of the Stroop task performance. Separation of these cognitive domains from clearly Stroop effects on the brain chemistry is currently underway in our laboratory. Important practical outcomes from this study are: (1) the spectroscopic brain mapping of NAA, the marker of neuronal density and function, to the SCW task measures differentiates between high and low interference in normal subjects; and (2) the 1 H-MR spectroscopic-cognitive approach, proposed here, may be used for documentation of cognitive interference in normal subjects, and in diagnosis of neuropsychiatric disorders where these processes become abnormal and where cingulate cortex is involved.
